Serum procalcitonin (PCT) is a sensitive biomarker used for the diagnosis of infection and sepsis. PCT has also some toxic effects. It is not a proinflammatory stimulus, but may augment the inflammatory processes. High levels of PCT in sepsis may lead to hepatocyte necrosis and, as a result, to liver failure. The pathomechanism of the toxic effect of PCT is still unknown. The influence of liver function on PCT levels has not been studied yet. It is not sure whether the liver dysfunction affects the diagnostic and prognostic value of serum PCT levels. In patients with acute liver failure, the usefulness of PCT-level determination remains controversial. Recent studies have shown a potential diagnostic benefit of PCT as a marker of infection in chronic liver diseases. In both groups there is still no consensus on the optimal cut-off value of PCT levels in order to exclude infection. In patients with liver disease, the serum PCT levels should be interpreted with caution, taking into consideration other factors affecting the PCT threshold.
Procalcitonin (PCT) is a precursor of calcitonin, produced by the C cells of the thyroid. In bacterial infections, bacterial toxins (lipopolysaccharides-LPS) and proinflammatory cytokines (TNF-α, IL-1β) induce the expression of CALC-1 and CTmRNA genes in the neuroendocrine cells of the liver, lungs, intestines, pancreas, brain, and kidneys, as well as adipocytes and peripheral blood cells (monocytes, lymphocytes, granulocytes), which leads to an increase in serum PCT levels [1] . The organs and tissues producing the highest amounts of PCT include the liver, kidneys, ovaries, urinary bladder and adrenal glands [2] .
Elevated serum PCT levels are considered an early and sensitive marker of infection and sepsis [3] . PCT is an early marker for differentiating between systemic inflammatory response syndrome (SIRS) and sepsis in critically ill patients [4] . In the healthy population, the level of PCT is low, i.e. < 0.05 ng mL -1 [5] . At the level of ≤ 0.2 ng mL -1 sepsis may almost certainly be excluded [6] . PCT starts to increase within 2 hours after exposure to a damaging factor, reaching its peak concentration by hour 14 and is positively correlated with the severity of infection [7] . The most significant increases in PCT are observed in bacterial infections and some parasitic infections (e.g. malaria); however, high levels of PCT do not exclude viral infections. In general, the serum levels of PCT are lower in fungal infections, as compared with bacterial infections [8] .
Besides infections, elevated serum PCT levels are observed in cases of surgeries, traumas, burns, acute pancreatitis, neuroendocrine tumours, acute kidney injury, acute liver failure and multiple organ dysfunction syndrome (MODS) [9] .
The liver is essential for maintaining homeostasis. Liver failure, as a component of MODS complicating sepsis/septic shock, significantly affects the mortality of patients. In sepsis, the liver plays a vital role in cleansing the blood of bacteria and LPS; moreover, it is the source of proinflammatory mediators [10] .
Depending on the baseline liver function, sepsis-associated liver dysfunction (SALD) is an acute process or acute-on-chronic liver failure (AoCLF). The prevalence of SALD is difficult to estimate as there is no uniform definition. According to the 2016 Surviving Sepsis Campaign guidelines, the diagnosis of SALD is established based on the serum levels of bilirubin > 2 mg dL -1 (34.2 µmol L -1 ) and clotting disorders with an increase in INR > 1.5 [11] . How-ever, the concentration of bilirubin is not an ideal marker as it does not allow one to differentiate acute liver failure from pre-existing organ dysfunction. It is estimated that the concentration of bilirubin exceeds 2 mg dL -1 within the first 48 hours in 10.9% of patients newly admitted to the intensive care unit (ICU) [12] .
The clinical manifestations of SALD include hypoxic hepatitis, sepsis-induced cholestasis and others [13] . Liver dysfunction may manifest itself as haemorrhagic diathesis associated with impaired synthesis of clotting factors and disorders of consciousness resulting from a defective detoxifying function of the liver. However, hepatic encephalopathy is difficult to diagnose in ICUs due to analgosedation and non-standard determinations of serum ammonia levels.
The impact of liver function on PCT levels has not been fully elucidated and it is not clear whether liver dysfunction affects the usefulness of PCT for the diagnosis of infections.
The aim of the paper was to discuss the current state of knowledge regarding the usefulness of PCT for the diagnosis of infections in patients with various forms of liver dysfunction and to review the literature reports about potentially toxic effects of PCT on the function of hepatocytes.
PCT As A ToxiC biomArKer imPAiring The funCTion of hePAToCyTes -Dr JeKyll or mr hyDe?
There have been some reports demonstrating that PCT, so far considered the gold standard for the diagnosis of sepsis, can be an additional factor enhancing the body`s inflammatory response. Experiments in animal models have shown toxic effects of PCT. Although PCT is not a pro-inflammatory factor, it can intensify the inflammatory process [14] . Additionally, impaired migration of neutrophils in sepsis caused by the presence of numerous inflammatory mediators (lipoxins, cytokines, nitric oxide, carbon monoxide) can also be partially triggered by increased serum levels of PCT [15, 16] . PCT enhances the expression of nitric oxide synthase (iNOS), primarily induced by TNF-α and IFN-γ in the presence of LPS, thus enhancing, for instance, the vasodilating effects of nitric oxide [17] . Moreover, higher levels of PCT impair the phagocytic and fungicidal activity of neutrophils [18] .
PCT, as a factor activating the monocyte chemotaxis towards an infection source, impairs this process in the presence of additional inflammatory factors [19] . Increased levels of PCT in patients with sepsis can weaken the specific resistance of cells by impairing the activation of T lymphocytes and inhibiting the excessively active inflammatory process [20] .
PCT is suspected to be another factor impairing the function of hepatocytes. In the in vitro study on the cell line of human hepatocytes, Sauer et al. [21] have demonstrated that PCT directly impairs the function of hepatocytes and exerts cytotoxic effects. Over a period of 72 hours, the hepatocytes were exposed to incremental concentrations of PCT (ranging from 0.01 to 50 ng mL -1 ) or to phosphate-buffered 0.9% NaCl as a negative control and acetaminophen as a positive control. Subsequently, their proliferation capacity and metabolic activity, described as the ability to synthesise albumins, as well as the detoxifying function of cytochrome P450 1A2 were evaluated.
PCT affected the proliferation and metabolism of hepatocytes proportionally to each of the concentrations used. The synthesis of albumins was already impaired at 0.01 ng mL -1 . Hepatocyte necrosis occurred at 0.25 ng mL -1 . The PCT level of 2.5 ng mL -1 significantly impaired the detoxifying function of P450 1A2 and inhibited the proliferation of hepatocytes. The concentration of lactate dehydrogenase (LDH) in the supernatant (the fluid above a sediment) increased proportionally to the concentration of PCT in the solution, starting from 0.25 ng mL -1 , due to the lysis of hepatocytes. The biological effect of PCT causing the release of LDH was found comparable with the toxic action of acetaminophen at the PCT level of 2.5 ng mL -1 . The levels of PCT > 50 ng mL -1 affected the proliferation and metabolism of hepatocytes in a similar way as the toxic effects of acetaminophen. The pathomechanism of PCT-induced damage to hepatocytes has not been fully explained and requires further in vivo studies [21] .
ACuTe liver fAilure (Alf)
In Europe, ALF is a rare disease with an incidence rate of 1-8 cases per 1 million inhabitants [22] . In Poland, its incidence rate is not known. The most common causes of ALF include drugs (acetaminophen, isoniazids, sulphonamides, Chinese herbs) and hepatotropic viruses (HBV, HDV, HAV, CSV, HSV, EBV). One of the common causes of ALF in Poland is still Amanita phalloides poisoning [23] .
The diagnosis of infection in patients with acute liver failure is controversial as the manifestations of SIRS occur both in infections and ALF. The current state of knowledge and individual reports available in the literature are not sufficient to assess unequivocally the usefulness of PCT as a diagnostic tool for the diagnosis of infection and sepsis in ALF patients.
Sugihara et al. [24] , who carried out a study in patients with acute hepatitis, have demonstrated that the serum PCT level in patients with ALF was higher than that in patients without ALF, although infection was not diagnosed in any of these groups. The pathomechanism of an increase in serum PCT levels in these patients is unknown. At least two causes have been implicated. The first one is likely to be an increase in PCT in response to bacterial translocation with subsequent endotoxaemia and SIRS [24, 25] . The second cause is considered to be a proinflammatory cytokine-induced PCT increase. Subsequently, PCT heightens further increases in its concentration as a result of a positive feedback mechanism [26] .
Acute alcohol-induced liver damage and acute viral hepatitis underlain by liver cirrhosis or acute parenchymal fibrosis increase the serum level of PCT above 0.5 ng mL -1 , irrespective of the co-existence of an infection. In the clinical cases mentioned above, the threshold PCT levels have to be re-validated to be sensitive and specific for the diagnosis of infection in ALF patients [27, 28] .
In patients with ALF caused by an overdose of acetaminophen, increased PCT levels are most likely to be associated with an inflammatory response to acute hepatocyte necrosis, which disqualifies PCT as a single marker useful for the diagnosis of infections in this group of patients [29] . In another population of patients with ALF caused by overdose of acetaminophen, Mallet et al. [30] have observed a positive correlation between the occurrence of infection and increased serum concentrations of C-reactive protein (CRP) and leukocytosis. Their results suggest the usefulness of determinations of serum CRP levels in patients with ALF on admission to an ICU.
There are no literature reports regarding the usefulness and causes of PCT increases in ALF caused by Amanita phalloides poisoning.
ChroniC liver fAilure (Clf)
Liver cirrhosis is the end stage of many chronic liver diseases. Generalised and long-term liver damage leads to lesions in the hitherto normal structure of the organ. The most common cases of liver cirrhosis in the adult population include: alcoholic liver disease; hepatitis B, C, and D; autoimmune hepatitis; and metabolic diseases [31] .
Ascites, which is the most frequent complication of advanced liver cirrhosis, can be complicated by spontaneous bacterial peritonitis (SBP). SBP occurs in 10-30% of patients with ascites and is the most common type of infection in these patients [31] . Pre-hepatic portal hypertension in liver cirrhosis causes changes in plasma and tissue concentrations (liver, intestines) of pro-and anti-inflammatory cytokines, despite the lack of a co-existing infection. It is one of the causes of chronic inflammations in such patients [32] . PCT can be useful for the early diagnosis of SBP while its serum concentration shows a correlation with WBC in the ascitic fluid. The combined use of serum PCT concentrations with white blood cell and platelet counts can prove useful as a marker of infection in the group of patients with liver cirrhosis [34] .
Qu et al. [35] have demonstrated the usefulness of PCT determinations for the diagnosis of infections in patients with chronic liver disease. The authors have observed substantially increased PCT concentrations in serum and increased percentages of neutrophils, irrespective of the severity of liver disease. The PCT concentration was strongly positively correlated with the total bilirubin level (TBL) and poorly positively correlated with the model for end-stage liver disease (MELD) and INR. Their results suggest that the PCT concentration excluding the infection should be determined in relation to TBL. The recent studies in chronic liver diseases have shown the usefulness of serum PCT determinations for the diagnosis of infections. However, there is no consensus on the optimal PCT cut-off point to explicitly exclude infection in such groups of patients [27, [35] [36] [37] . A sensitive marker confirming infection in patients with liver cirrhosis is CRP. Moreover, CRP is a predictive factor for suspecting infection in patients without the symptoms of infection [37] .
summAry
High PCT concentrations in sepsis are likely to contribute to hepatocyte necrosis, hence liver damage. Therefore, PCT may be an additional factor overlapping the toxic action of inflammatory response mediators and shock-induced liver ischaemia. The above leads to the development of MODS and dramatic increases in mortality of patients during sepsis/septic shock. The pathogenesis of liver damage caused by high PCT concentrations has not been fully elucidated. To date, only in vitro experimental studies in hepatocyte lines have been performed; further in vivo studies and observations are needed to confirm the above findings.
Determinations of PCT levels in liver diseases are not always a useful tool for the diagnosis of infections, especially in cases of acute liver failure caused by an overdose of acetaminophen. Therefore, the serum concentration of PCT as a marker of infection, should be interpreted with great caution in patients with liver diseases.
